A B S T R A C T The mechanism of hydroxy fatty acidinduced secretion was investigated in perfused hamster small intestine in vivo. Sodium ricinoleate at an 8-mM concentration resulted in not only secretion of water and sodium, but an increase in intestinal clearance of inulin and a 16,000 mol wt dextran as well. A concentration of ricinoleate (2 mM) which did not affect water transport, however, did not alter intestinal permeability. Ricinoleate-induced intestinal secretion was also accompanied by increased mucosal cell exfoliation as measured by the appearance of DNA in the perfusate and by apparent injury to epithelial cell membranes as judged by measurement of sucrase activity and phospholipid in cell-free aliquots of luminal fluid. Light and electron microscopic studies demonstrated substantial mucosal architectural changes with 8 mM ricinoleate with villus shortening and injury to epithelial cells at the villus tips.
INTRODUCTION
The reasons for fecal fluid and electrolyte loss in fat malabsorption are not clear, but the finding of increased amounts of hydroxy fatty acids in the stools from such patients (1) (2) (3) (4) (5) suggested that these compounds might be responsible (4) (5) (6) . This possibility was especially attractive because of the well-known cathartic properties of ricinoleic acid, the C-18 hydroxy fatty acid known to be the active component of castor oil (7) . It has subReceived for publication 6 August 1975 and in revised form 19 March 1976. sequently become clear that not just long chain hydroxy fatty acids, but a variety of nonhydroxy fatty acids as well, induce water and electrolyte secretion by small bowel and colon in both experimental animal and man (8) (9) (10) (11) . The mechanism of this secretory effect has not been established, however, although a recent report has suggested that cyclic AMP may be the mediator (12) as it is in cholera (13, 14) . Since sodium soaps of these fatty acids are amphiphiles (15, 16) , we became interested in the possibility that their secretory effects might be related to their detergent properties rather than to a specific effect on intracellular metabolism. The purpose of this study was to examine the effects of ricinoleic acid on small intestinal mucosa in vivo and to compare some of these effects to those of purified cholera enterotoxin. 5.5 ,Ci/mg, New England Nuclear, Boston, Mass.) and 0.5 g carrier PEG (Carbowax 4,000, Union Carbide Corp., New York) per 100 ml in 154 mM sodium chloride; 1Abbreviation used in this paper: PEG, polyethylene glycol.
METHODS
The Journal of Clinical Investigation Volume 58 August 1970 [380] [381] [382] [383] [384] [385] [386] [387] [388] [389] [390] test solutions were similar but contained sodium ricinoleate (Nu-Chek-Prep. Incorp., Elysian, Minn.) at 2-and 8-mM concentrations. The pH of the solution was adjusted to 7.8-7.9, and the osmolality varied between 290 and 300 mosmol. Preliminary experiments demonstrated the development of a steady state of water transport within the first 20 min of perfusion; consequently the first 20-min collection from the distal cannula was discarded and two subsequent 20-min collections were obtained. The experiment was then terminated, the animal sacrificed, and the perfused segment of small bowel removed and dried to constant weight at 1000C. Collections from the distal cannula were centrifuged at 1,000 g for 10 min to remove debris, and aliquots of supernates and infusion fluid were then assayed for "C and sodium concentrations. For Biochemical assessment of mucosal damage. The rate of appearance of DNA in the intestinal lumen during perfusion was used as an index of epithelial cell exfoliation. Perfusions were carried out as described above; a 20-min equilibration period was followed by a 40-min collection period with samples collected in 0.5 ml of 0.2 M EDTA over ice and analyzed for DNA (17) . Results are expressed as micrograms of atom DNA phosphorus. The rate of DNA appearance in the lumen was calculated.
In separate experiments, collected samples were centrifuged at 1,000 g for 10 min at 4°C to remove exfoliated cells and the supernates assayed for sucrase or phospholipid. Sucrase activity was measured by the method of Dahlqvist (18) . For phospholipid determination, supernates were brought to pH 6.8, extracted twice with chloroform/ methanol, 2: 1, the solvent layer evaporated to dryness in a rotary evaporator at 370 C, and phosphorus determined (19 1 min, a ring of jejunum 5-10 cm distal to the ligament of Treitz was removed, opened, and trimmed in the same fixative into approximately 1-mm wide blocks and fixed for 1 h. The tissue was rinsed and postfixed in lo osmium tetroxide, 0.1 M sym-collidine-HCl buffer, pH 7.42, for 1 h, and stained en bloc in 0.5%o uranyl acetate containing 4%o sucrose.
When it became apparent that ricinoleate resulted in the development of lanthanum permeability through the zone of exfoliation at the villus tips, we added lanthanum to the fixative to increase tracer concentration in this area, thereby providing a better demonstration of the altered permeability. After injection of lanthanum into the inferior vena cava as (23) .
in place for 60 min. Thereafter, perfusion was begun and the techniques described above used to assess net water and sodium flux, intestinal permeability, DNA, and sucrase activity.
Expression of results. Control and experimental animals were studied simultaneously because of normal seasonal variation in water and sodium absorption (24) . In our studies no seasonal variation was found, so results were pooled.
RESULTS
Net water and sodium flux. Sodium ricinoleate at the 2-mM concentration had no effect on fluid transport. Biochemical assessment of mucosal damage. Ricinoleate at the 8-mM concentration resulted in a threefold increase in the rate of DNA appearance in perfusates consistent with increased cell exfoliation (Table II) . Although mean DNA appearance during perfusion at the 2-mM concentration was similarly increased, individual variation was such that this was not statistically significant.
To look for possible effects of sodium ricinoleate on membranes of absorptive cells, we measured sucrase activity and phospholipid in cell-free supernates of perfusate. There was a marked increase in sucrase activity at the 8-mM concentration, but no effect was found with a 2-mM concentration. Phospholipid appearance was also significantly increased with 8 mM ricinoleate with a variable response at the 2-mM concentration which was not statistically significant.
Morphological studies. Fig. 1 illustrates representative light micrographs after a control perfusion and a perfusion containing 8 mM ricinoleate. Villi were shortened after ricinoleate and the distal epithelial cells appeared metachromatic and vacuolated. Table III illustrates that ricinoleate decreased villus height but did not affect crypt length.
Lanthanum, an electron-opaque tracer, has been used previously to study extracellular material (25) and to assess permeability of tight junctions (20) . We used lanthanum in our electron microscopic studies in an attempt to define a structural basis for the increased mucosal permeability found with 8 mM ricinoleate. In preliminary experiments the tracer was given only by intravenous injection. Lanthanum was fautd in the area of exfoliation after perfusion with 8 mM ricinoleate, but not after control perfusion. To facilitate quantitation of this altered permeability, we included lanthanum in the fixative to increase the staining. The following description refers to these studies.
In control perfusions, lanthanum was alway excluded from the area of membrane fusion of tight junctions (zonula occludens) and was also excluded from intact absorptive cells, although it did penetrate secreting goblet cells and some exfoliating cells at the villus tips with the development of electron opacity as shown in Figs. 2, 4A , and 5A. In the proximal villus, the brush borders of absorptive cells were negatively outlined by an extracellular layer of lanthanum, but distally, staining was patchy and on some microvilli consisted of only a fine layer.
After perfusion with 8 mM ricinoleate, as shown in Figs. 3, 4B, and 5B, villus tips were capped with vacuolated epithelial cells with disintegrating brush borders. These cells were electron opaque because of lanthanum penetration, and continuity of the tracer between the capillaries and the intestinal lumen was apparent in these E Studies with cholera enterotoxin. Although cholera enterotoxin elicited a marked secretory response (about twice that obtained with 8 mM ricinoleate) it did not change the rate of appearance of DNA or sucrase in the lumen and produced an insignificant change in inulin clearance (Table IV) . It should be noted that both absorption rates and DNA appearance during control perfusions in these experiments were greater than with the control perfusions in the ricinoleate experiments, probably because of the different experimental design with an initial 1-h incubation period in the enterotoxin experiments.
DISCUSSION
Long chain fatty acids, when present within the lumen of jejunum (10), ileum (11) , and colon (9) , alter transport of water and electrolytes. Depending on the fatty acid used and its concentration, both inhibition of absorption and frank secretion have been found. For example, Bright-Asare and Binder demonstrated that 2 mM ricinoleate induced secretion by rat colon while oleic acid at the same concentration resulted in about a 40% inhibition of fluid absorption (8) . The effect is related to fatty acid chain length; hexanoic acid does not inhibit water transport (26) , but fatty acids above C7 do with an increasing effect with increasing chain length (11) . A hydroxyl group is not critical for the effect (11), nor is a double bond if a hydroxyl group is present (27) . The nature of the polar group is also not thought important as the effect persists after conjugation with taurine with conversion of the carboxylate group to a sulfonate ( 11 ).
The mechanism of the secretory effect has been un-
clear. An alteration in bowel motility is not the explanation. Although ricinoleic acid uncouples the basic electric rhythm (slow wave) (28) (29) and inhibits circular smooth muscle (30) , these changes could not induce secretion. In addition, fatty acids have been shown to alter water movement in in vitro preparations where there is essentially no motor activity (30, 31) . The possible mechanism that has received the most attention is that fatty acids may increase the concentrations of cyclic AMP in the mucosa with a consequent stimulation of electrolyte and water secretion as in cholera. Indeed, increased levels of cyclic AMP in colonic tissue after incubation with ricinoleic acid have been found (12) . There are a number of observations in the literature, however, which are difficult to reconcile with the concept of a pure cyclic AMP mediated response. First, fatty acids have been reported to alter not only water and electrolyte transport, but absorption of a number of other substances as well, including glucose, bile acid, xylose, L-leucine, L-lysine, and folic acid (11) . These observations suggest a fairly nonspecific effect. Second, at least in rat colon, ricinoleate has been shown to increase mucosal permeability to inulin (8) , whereas in cholera, where secretion is apparently mediated by cyclic AMP, there is no change in permeability (32) . These observations suggest the possibility that fatty acids induce intestinal secretion by a less specific mechanism, perhaps by damaging the mucosa. Our studies were designed to evaluate this possibility. We studied the effects of two concentrations of ricinoleate: a concentration which did not affect fluid absorption (2 mM) and one which resulted in secretion (8 mM others have found secretion at lower concentrations than those used here (9) (10) (11) (12) . The important point is the correlation we found between secretory response and evidence of mucosal damage. Ricinoleate at a concentration of 2 mM did not alter water and sodium absorption, affect inulin clearance, or significantly change the rate of DNA appearance in the lumen. An 8-mM concentration, however, elicited not only secretion, but markedly increased intestinal permeability to both inulin and a high molecular weight dextran and increased the rate of appearance of DNA in intestinal fluid.
To examine the possibility of cell membrane damage we assayed for sucrase activity and phospholipid, both of which are components of apical cell membrane of absorptive cells. We found a significant increase in concentrations of both in cell-free supernates after the 8-mM ricinoleate perfusions, but not with the 2-mM perfusions.
Our findings suggest that mucosal damage from ricinoleate is a concentration-dependent phenomenon. At the 2-mM concentration inulin clearance and phospholipid and DNA release were increased, although the changes were not statistically significant. We have also found a minimal increase in lanthanum permeable cells at that concentration.8 In addition, recent studies in our laboratory have shown that although a 4-mM concentration causes no change in sucrase release, it results in an intermediate increase in inulin clearance (153±25 ml/min per g dry weight X 104), and increases in both DNA release (42±4 jig atom DNA P/min X 104) and fluid secretion (-0.1095±0.0678 ml/min per g dry weight) similar to those seen with the 8-mM concentration.8 Meaningful interpretation of these dose-response relationships, however, is difficult in an in vivo situation where mucosal damage with secretion may occur in one region with fluid reabsorption in another. The observations at the 4-mM concentration, however, further support the concept that mucosal damage with cell membrane injury and exfoliation of cells occurs during ricinoleate-stimulated secretion.
Our morphological studies provided more direct evidence of mucosal damage with ricinoleate. Intestinal villi, studied by light microscopy, were shortened with evidence of cell damage at the villus tips. Cells appeared to be exfoliating from the villus tip, thus accounting for the increased rate of appearance of DNA in the lumen. Electron microscopic studies confirmed the damage to intestinal absorptive cells with disintegration of brush borders probably explaining the increased release of sucrase activity and phospholipid into the lumen.
We carefully examined the tight junctions between absorptive cells, since the finding of increased permeability to inulin and dextran suggested the possibility 'Cline, W., V. Lorenzsonn, L. Benz, and W. A. Olsen. Unpublished observations. of an extracellular route for flfid movement. The areas of membrane fusion appeared to be impermeable to lanthanum, however, suggesting that the tight junctions were not altered (Fig. 5C ) and were probably impermeable to inulin and dextran. We believe that the route for tracer movement was not through tight junctions but across the damaged cells or areas of exfoliating epithelium at the villus tip. Villus tip cells developed permeability to lanthanum after ricinoleate perfusion, and in oriented sections, staining with this tracer appeared continuous from capillaries to the lumen through these cells (Fig. 3) . Thus, hydrostatic capillary pressure may be the driving force for fluid secretion with ricinoleate.
The finding of lanthanum exclusion from dilitations of the extracellular space between microvilli (Fig. 5B  and D) is difficult to interpret. It may be the earliest morphological evidence of an effect on the cell membrane with a possible loss of binding sites for lanthanum which is thought to attach to calcium binding sites (33) .
Several observations suggest that ricinoleate-induced secretion is the consequence of epithelial cell injury rather than an unrelated phenomenon. (a) We found substantial evidence of mucosal injury at the concentration which produced secretion and not at the 2-mM concentration. (b) Since ricinoleate increased intestinal clearance of the large molecules inulin and dextran, the conclusion that fluid movement occurred through the same channels seems inescapable. (c) Studies in both colon (8) and small intestine8 suggest that altered permeability and secretion are at least temporally related; that is, both increased permeability and secretion were found during the first measurements after ricinoleate was introduced and both markedly had changed towards normal by the time the first measurements were made after ricinoleate was discontinued. (d) Since 
